Sustained isometric handgrip exercise was studied in 28 patients, 19 with and nine without catheterization evidence of heart disease. Significant increases occurred in left ventricular systolic and left ventricular end-diastolic pressures (LVEDP), heart rate, cardiac output, and cardiac index, with decreases in stroke volume and stroke index. When control and abnormal groups were compared, no differences could be demonstrated in systolic pressure or heart rate increases. However, the LVEDP increase in the abnormal subjects (9.7 + 1.7) was significantly (P < 0.01) higher than in the controls (2.1 + 0.7). In addition, cardiac index rose significantly (P < 0.025) in the controls (0.8 0.2), but not (P < 0.1) in the abnormal subjects (0.2 +-0.1). Conversely, there was a significant fall in stroke index in the abnormal (P < 0.005) but not in the control (P < 0.4) group.
T HE EFFECTS of isotonic physical exercise on the circulation are well known and have long been used as a means of uncovering or exaggerating physiologic abnormalities of cardiac function. However, although isometric exercise is a frequent daily stress, relatively little is known about its differential effects on normal and abnormal left ventricular function. The isometric exercise of sustained handgrip causes a rapid and significant increase in systolic and diastolic blood pressure and hence imposes an acute afterload on the left ventricle. [1] [2] [3] Recent preliminary reports have indicated that this stress may be useful in evaluating the hemodynamic reserve of patients with heart disease.4-6 The present investigation was undertaken to determine the effect of the isometric stress of sustained handgrip on left ventricular hemodynamics. In addition, the utility of this stress as a method of unmasking or exaggerating abnormalities of left ventricular performance was also examined.
SUSTAINED ISOMETRIC HANDGRIP of 50 mg of sodium pentobarbital (Nembutal) and 50 mg of meperidine (Demerol) intramuscularly. Right-heart catheterization was performed via an antecubital vein cutdown, and left-heart catheterization was performed either via a right brachial arteriotomy or percutaneously, utilizing the right or left femoral artery.
With the patient in the resting state, pressures were measured with Statham P-23 Db straingauge transducers. Cardiac output was determined by the dye-dilution method with indocyanine green and a Gilford densitometer. All data were displayed and recorded on an eight-channel oscillographic, photographic recorder (Electronics for Medicine).
After control data were obtained, each patient was asked to squeeze a hand dynamometer (C. H. Stoelting Co.) to the maximum extent possible. After determination of maximum voluntary contraction, each patient was instructed to maintain contraction at one third of the predetermined maximum for 3 min. At the end of the 3-min period and prior to release of the sustained contraction, pressure and cardiac output measurements were repeated.
Left ventricular work was calculated using the formula:
(LVSP -LVEDP) A paired-samples t-test was used to assess changes for each group, and for comparison between groups an independent-samples t-test was utilized.
Results Table 1 comprises the data on the entire study group with mean values, standard error of the mean, and P values. Significant increases were found in systolic pressure, LVEDP, cardiac output, heart rate, and cardiac index ( fig. 1 ). However, since heart rate increased more than cardiac output and index, stroke volume and stroke index both fell ( fig.  1 ). (See table 1 for P values.)
Control versus Abnormal Groups
The control and abnormal groups are compared in figure 2. There was a significant rise in systolic pressure in both groups ( fig. 2 ), but although the increase was somewhat higher in the control group, this was not significant (P < 0.10). LVEDP also rose significantly in both groups, but the increase in LVEDP was significantly higher in the abnormal than in the control group (P < 0.01). In addition, cardiac index rose significantly in the control but not in the abnormal group ( fig. 2 ), and this difference in response between groups was significant (P < 0.05). The relationship between cardiac index and LVEDP at rest and during sustained isometric handgrip is seen in figure 3 .
Both groups increased heart rate ( fig. 2 ) with no difference between groups. Although the decrease in stroke index was not significant in the control group, there was a statistically significant fall in stroke index in the abnormal group ( fig. 2) . However, this difference between groups was not statistically significant (P < 0.5). Abbreviations: R = rest; E = exercise; A = change; WNL = within normal limits; CAD = coronary artery disease; CM = cardiomyopathy; ASD = atrial septal defect; MS-MR = mitral stenosis and mitral regurgitation; AS-AI = aortic stenosis and aortic incompetence; SEM = 1 standard error of the mean; P = P value.
When LV work-LVEDP and stroke-work index-LVEDP relations are examined in control and abnormal patients, clear differences are seen (figs. 4 and 5). In the work-LVEDP relation the control subjects uniformly exhibited curves that were steep, with relatively large increases in left ventricular work and small changes in LVEDP (fig. 4) Figure 6 depicts the relationship between systolic pressure and LVEDP. If all patients are considered, a correlation exists (P < 0.01) between the increase in systolic pressure and LVEDP ( fig. 6 ). However, when the control and abnormal groups are compared, differences become apparent. In the control group the mean increase in systolic pressure of 37.2 ± 5.2 was accompanied by a rise in LVEDP of only 2.1 + 0.72 ( fig. 2) . In contrast, the mean systolic pressure rise of 22.9 ± 4.4 in the abnormal group was accompanied by an increase in LVEDP of 9.7 ± 1.7 ( fig. 2) . Although there was a correlation between the increase in systolic pressure and LVEDP in the abnormal group (P < 0.01), no such correlation between these parameters could be demonstrated in the control subjects (P <0.2). Figure 2 Changes in hemodynamics induced during sustained isometric handgrip in control (normal) and abnormal groups. P values refer to significance for each group. There was no significant difference between groups in systolic pressure, heart rate, or stroke index. Significant changes (A) between groups were seen in left ventricular end-diastolic pressure (LV EDP) and cardiac index. See Results. Abbreviations as in figure 1. output in healthy young men.1-3 After sustained contraction ends, blood pressure and heart rate quickly return to control values.3 It has been postulated that the pressure response is reflex in origin, serving to increase perfusion pressure to the active muscles, in which blood flow is impeded by the sustained muscular contraction. subjects with and without catheterization evidence of heart disease was markedly different (figs. 4 and 5). In the control group the response to handgrip was characterized by an increase in work ( fig. 4) When the relationship between change in work and LVEDP is expressed as a ratio, the control group, with one exception, had ratios greater than 1.0. The abnormal group, also with a single exception, had ratios less than 0.77 (table 2). These data indicate that this ratio may be useful as an index of left ventricular performance with sustained handgrip. An index greater than 1.0 is consistent with normality, whereas an index less than 0.75 would suggest an abnormal left ventricle. The range of 0.75 to 1.0 is intermediate, since one control and two mildly abnormal patients were in this group (see Results).
In assessing the value of sustained handgrip stress, several disadvantages and advantages should be considered. One disadvantage of Relationship between systolic pressure and left ventricular end-diastolic pressure (LV EDP) before and during isometric handgrip in control (normal) and abnormal subjects. See Results. Numbers are those assigned to patients for identification. Relationship between systolic pressure and cardiac index before and during isometric handgrip in control (normal) and abnormal subjects. See Results. Numbers are those assigned to patients for identification. 
